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PHOTONIC-CRYSTAL FILAMENT AND METHODS 



TECHNICAL FIELD 

[0001] This invention relates generally to photonic-crystal filaments and to 
methods for making and using photonic-crystal filaments. 

BACKGROUND 

[0001] Photonic crystals are spatially periodic structures having useful 
electromagnetic wave properties, such as photonic bandgaps. In principle, the 
spatial periodicity of a photonic crystal can be in one, two, or three dimensions. 
There is especially high interest in developing technology of artificial photonic 
crystals that are useful in new and improved functional photonic devices, 
especially for the infrared and visible-light portions of the electromagnetic 
spectrum. Functional devices using photonic crystals, such as selective 
reflectors, filters, optical couplers, resonant cavities, delay lines, and 
waveguides have been proposed and/or fabricated. 

[0002] Several methods for forming artificial photonic crystals are known. 
Multilayered dielectric films have been used to make one-dimensional photonic 
crystals along the dimension perpendicular to the films. 

[0003] Three-dimensional photonic crystals have been formed by stacking and 
bonding wafers in which periodic structures have been micromachined by 
etching. Such methods result in structures called "wood-pile" or "picket-fence" 
structures because the stacked elements have an appearance similar to 
stacked square timbers. Such methods require precise alignment of the 
micromachined wafers to be bonded together, which becomes more difficult as 
the number of layers increases and as the dimensions of micromachined 
features are reduced. 

[0004] Some of the known methods for forming artificial photonic crystals work 
by modifying refractive index periodically in a material originally having a 
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uniform refractive index. For example, light-wave interference or holography 
has been used to create periodic variations of refractive index within 
photosensitive materials, such as photoresist, to make photonic crystals. 
Perhaps the simplest methods for forming a one- or two-dimensional photonic 
crystal are those methods that form a periodic or quasi-periodic array of holes in 
a uniform slab of material. A vacuum or material filling the holes has a different 
index of refraction from the base material of the slab. In the background art, 
such holes have been formed by micro-machining or by nanoscale lithography, 
such as electron-beam or ion-beam lithography. Conversely, such charged- 
particle beam lithography has also been used to selectively assist deposition of 
material to form spaced elements of the photonic crystal. Some photonic 
crystals have been formed by self-assembly of very small particles provided in a 
colloidal suspension. In some cases, the interstitial spaces between the 
colloidal particles have been filled with a second material of a different refractive 
index. In some of those cases, the colloidal particles themselves have been 
removed to leave an "inverse" photonic crystal in which the crystal lattice 
positions are occupied by voids in a matrix of the second material. 

[0005] Photonic-crystal filaments have been proposed to exploit the bandgap 
properties of photonic crystals for improving the luminous efficiency of lamp 
filaments, reducing the amount of infrared emission in favor of increased 
emission of visible-light wavelengths. Prototype photonic crystals for such 
purposes have been fabricated by extensions of known Micro Electro- 
Mechanical Systems (MEMS) technology. Technology for making suitable 
metallic photonic crystals is disclosed, for example, in the article by 
J. G. Fleming et al., "All-metallic three-dimensional photonic crystals with a large 
infrared bandgap," Nature V. 417, No. 6884 (May 2, 2002), pp. 52 - 54. 

[0006] While all of these methods and others have been used successfully to 
make photonic crystals in various forms, the need for efficient methods of mass- 
production and the particular requirements associated with filamentary photonic 
crystals, especially for use in lighting applications, create a need for fabrication 
methods specially adapted for photonic-crystal filaments. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] The features and advantages of the disclosure will readily be appreciated 
by persons skilled in the art from the following detailed description when read in 
conjunction with the drawings, wherein: 

[0008] FIG. 1 is a flow chart illustrating a method according to an embodiment of 
the invention. 

[0009] FIG. 2A is a side elevation view of an apparatus according to an 
embodiment of the invention. 

[00010] FIG. 2B is an enlarged detail side elevation view of a photonic-crystal 
filament according to an embodiment of the invention. 

[00011] FIG. 2C is a top plan view of a segment of a photonic-crystal filament 
shown in FIG. 2A. 

[00012] FIG. 2D is an axial cross-sectional view of a segment of a photonic- 
crystal filament according to an embodiment of the invention. 

[00013] FIG. 3A is a side elevation view of an apparatus according to an 
embodiment of the invention. 

[00014] FIG. 3B is an enlarged detail side elevation view of a photonic-crystal 
filament according to an embodiment of the invention. 

[00015] FIG. 4A is a side elevation view of a lamp incorporating a photonic- 
crystal filament according to an embodiment of the invention. 

[00016] FIG. 4B is an enlarged detail portion of the photonic-crystal filament of 
FIG. 4A. 

DETAILED DESCRIPTION OF EMBODIMENTS 

[00017] For clarity of the description, the drawings are not drawn to a uniform 
scale. In particular, vertical and horizontal scales may differ from each other 
and may vary from one drawing to another. While the drawings of various 
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embodiments are shown with specific numbers of particles within a filament 
diameter, such numbers of particles are chosen only for clarity of illustration, 
and the invention should not be construed as being limited to such 
constructions. The number of crystallographic lattice sites occupied by particles 
or voids may be greater or less than shown in the drawings. 

[00018] Throughout this specification and the accompanying claims, the term 
"precursor" or "precursor material" refers to an elemental metal or to a metal 
compound that can be converted to the desired elemental metal by a suitable 
treatment. The term "matrix" as used herein refers to more or less continuous 
matter in which something (e.g., particles or voids) is embedded. The prefix 
"nano-" and the term "nanoscale" are used herein to denote sizes of less than 
about one micrometer. For example, the term "nanosphere" refers to a sphere 
whose diameter is less than about one micrometer. The term "drying" is used to 
denote either an "active" method such as application of heat and/or gas flow or 
a "passive" method such as allowing a substance to dry. For example, a 
passive method may include allowing sufficient passage of time while the 
substance is located in an environment suitable for drying. The phrase 
"substantially uniform size" used in referring to a particle size distribution means 
that any variation in particle size from the mean or median particle size is not a 
large enough variation to prevent the particles from being arranged in a 
crystallographic configuration having a photonic bandgap. Known methods of 
preparing monodisperse particles may be used to prepare particles of 
substantially uniform size in the sense of that phrase used here. 

[00019] One aspect of embodiments of the invention is a photonic-crystal 
filament formed by compressing, extruding, and drying a slurry comprised of 
particles and a precursor metal compound, heating the dried slurry, and (if 
necessary) reducing the precursor metal compound to metal. The slurry may 
surround a core filament. The slurry may be located within a metal sheath and 
may be compressed while located within the metal sheath. Furthermore, the 
sheath may be drawn through one or more dies. 
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[00020] FIG. 1 is a flow chart illustrating embodiments of a method performed 
in accordance with the invention. Various steps of the method are denoted by 

reference numerals S10 S90. In step S10, a slurry of particles and a 

precursor for a metal is mixed. As mentioned above, the precursor may be the 
elemental metal itself. If a core filament is to be used, it is provided in step S20. 
In step S30, the slurry may be compressed. In step S40, the compressed slurry 
is urged through an orifice, forcing the particles into a crystallographic 
configuration. For example, the orifice used may have a suitable size relative to 
the particle size, such that the particles are forced into a close-packed 
arrangement when they pass thru the orifice, each particle being forced into 
contact with the maximum possible number of other particles. The resultant 
crystallographic configuration may be a hexagonal-close-packed orface- 
centered-cubic (FCC) configuration, for example. The orifice may also be 
suitably shaped, e.g., in a hexagonal shape, but the orifice shape is not 
generally critical. 

[00021] The desired metal may be a refractory metal such as tungsten, 
platinum, tantalum, molybdenum, and their alloys. Thus, for example, the 
precursor material may comprise a fine powder of any of these refractory metals 
in their elemental form, an oxide of a refractory metal such as tungsten, or 
peroxopolytungstic acid. If the precursor material comprises the elemental form 
of a metal, the step of reducing the precursor material to metallic form is not 
necessary. If the precursor material comprises a fine metal powder, the powder 
size should be smaller than the size of the other particles used in the slurry, so 
as to fit readily into interstices between the other particles. 

[00022] In step S50, the combination of particles and metal precursor is dried 
(e.g., allowed to dry). If a sheath is to be used, the dried combination is 
compressed within a sheath in step S60. In step S70, the combination is 
heated to sinter the precursor material, forming the basic structure of the 
photonic-crystal filament. If the particles are to be removed, the heating of step 
S70 may also be used to remove the particles. In step S80, the sheath (if 
present) may be removed, e.g., by chemical etching. In step S90 (if necessary), 
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the precursor material may be reduced to a metallic form. If the precursor 
material is the elemental metal itself, then reduction is not necessary. 

[00023] Thus, another aspect of the invention is an embodiment of a method 
for forming a photonic-crystal filament. This method embodiment may comprise 
steps of mixing a slurry comprising particles of substantially uniform size and a 
precursor material for a desired metal, urging the slurry through an orifice to 
force the particles and precursor material into a combination having a desired 
crystallographic configuration, drying the combination emerging from the orifice, 
and heating the dried combination to sinter the precursor material, whereby a 
photonic-crystal filament is formed. Optionally, with suitable combinations of 
particle material and heating temperatures, the heating of the dried combination 
may also be used to remove the particles while sintering the precursor material. 
The slurry may be compressed to urge the slurry thorough the orifice. The size 
of the orifice may be chosen to provide a desired diameter of the photonic- 
crystal filament to be formed, e.g., 100 micrometers. The shape of the orifice 
may be round, square, hexagonal, or some other desired shape. The slurry 
may include a liquid such as water, alcohol, or mixtures thereof in an amount 
sufficient to provide fluidity of the slurry. 

[00024] The particles may comprise an inert material, such as substantially 
uniform spheres of a polymer such as polystyrene. The particles may be nano- 
scale particles (i.e., less than about one micrometer diameter). The slurry may 
be prepared as a solgel. The precursor material may comprise a metal oxide, 
such as an oxide of tungsten. A particular example of a suitable precursor 
material is peroxopolytungstic acid (2W03-H 2 02-nH 2 0). Drying of the slurry 
may be done at temperatures below 200°C. Heating the dried combination to 
remove the particles (while sintering the remainder of the combination) may be 
done at temperatures in a range from about 600°C to about 2500°C, depending 
on the metal and its precursor substance. A non-oxidizing atmosphere may be 
used to prevent undesired oxidation. The polymer particles, such as 
polystyrene spheres, are pyrolyzed at such temperatures, leaving spherical 
voids in their places. This removal of the particles leaves an "inverse" photonic 
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crystal in which the crystal lattice positions are occupied by voids in a matrix of 
the metal material. 

[00025] In other embodiments, the voids left by removal of the particles may be 
filled with another material by chemical vapor deposition (CVD). In still other 
embodiments, the composition of the particles, e.g., a ceramic material, may be 
chosen to withstand the sintering temperatures, and the particles may be left in 
place. It is also noted that neither the particles nor the voids have to be 
spherical, and it may be desired to use non-spherical particles in order to avoid 
symmetry-induced degeneracy in the Brillouin zone. Otherwise, in certain cases 
(face-centered-cubic structures, for example), such degeneracy can allow a 
pseudo-gap instead of a full photonic bandgap. 

[00026] FIG. 2A is a side elevation view of an embodiment of apparatus made 
in accordance with the invention, showing a segment 12 of an embodiment of a 
photonic-crystal filament 10 made with the apparatus. FIG. 2B is an enlarged 
detail side elevation view of the segment 12 shown in FIG. 2A of the photonic- 
crystal filament 10. The slurry 15 is compressed using a ram 25 at high 
pressure and is extruded through a small orifice 35. The particles are forced^ 
into an ordered crystal structure, e.g., a cubic crystal structure. The emerging 
combination 45 (shown in FIG. 2A as moving downward) is dried. In the 
embodiment shown in FIG. 2A, the drying is performed in the ambient air. If the 
slurry is a solgel, exposure to moisture in the air may harden the combination. 
The dried combination is heated in a furnace 55 to sinter the precursor material 
and optionally to remove the particles by pyrolysis. The resulting structure 65 
may be heated in a second furnace 75 containing a reducing atmosphere, as 
described below, to reduce the remaining matrix of precursor material to metallic 
form. The completed photonic-crystal filament 10 emerges (as shown at the 
bottom of FIG. 2A). The greatly enlarged detail 12 shown in FIG. 2B and the 
corresponding top view of FIG. 2C illustrate the arrangement of the particles 1 1 . 
As described above, this removal of the particles leaves an "inverse" photonic 
crystal in which the crystal lattice positions are occupied by voids in a matrix of 
the metal material of photonic-crystal filament 10. FIG. 2D is an axial cross- 
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sectional view of a segment of a photonic-crystal filament 16 according to such 
an embodiment of the invention. Voids 17 that remain after removal of the 
particles 11 occupy the lattice positions that were occupied by particles 11. The 
voids 17 are surrounded by matrix material 18. 

[00027] Thus, in various embodiments, the crystallographic lattice positions 
may be occupied by solid particles 11, as shown in FIGS. 2B and 2C or by 
voids 17, as shown in FIG. 2D. 

[00028] For some applications a method embodiment generally like the 
method embodiment described above may also include a step of reducing the 
precursor material to metallic form, for example by heating the precursor 
material in a reducing environment. For such cases, the structure 65 resulting 
from the pyrolysis is heated in a second furnace 75 (shown in FIG. 2A). The 
second furnace 75 may contain a reducing atmosphere to reduce the matrix of 
precursor material to metallic form. The reducing atmosphere environment may 
comprise a gas such as hydrogen, forming gas, a carbide gas, acetylene, or 
mixtures of these gases. 

[00029] In another method embodiment, a core filament is provided and fed 
through the orifice while urging the compressed slurry through the orifice to 
force the particles and precursor material into a combination surrounding the 
core filament. A variation of that method includes passing an electric current 
through the core filament to heat the core filament. The electric current may be 
used to heat the precursor material to an effective temperature for sintering the 
precursor material, or the electric current may be used to provide heat for a 
chemical vapor deposition process described below. In some embodiments, 
the core filament may be removed, for example, by selective chemical etching, 
after the precursor material is sintered. 

[00030] For some applications, another method embodiment may be used, 
which also includes a step of compressing the precursor material within a 
sheath 100. FIG. 3A is a side elevation view of an embodiment of apparatus for 
this method. FIG. 3B shows an enlarged detail 13 of this embodiment of a 
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photonic-crystal filament made in accordance with one embodiment of the 
invention. 

[00031] FIG. 3A is analogous to FIG. 2A but incorporates added features to 
illustrate variations of the fabrication methods, including feeding a core filament 
to be coated by photonic-crystal material and/or including compressing the 
precursor material within a sheath 100. The sheath 100 may be a relatively soft 
ductile metal, such as copper. The precursor material may be compressed by 
drawing the sheath through a die 115 or by drawing the sheath with its contents 
through a series of two or more successively smaller dies. Only one die 1 1 5 is 
shown in FIG. 3A, but those skilled in the art will recognize that a set of 
successively smaller dies may be arranged in series. The emerging structure 
120 has a sheath 100. While sheath 100 is shown in the drawings as a round 
sheath, die(s) 115 may be shaped to form a polygonal cross-section such as a 
square, rectangle or hexagon, or a thin ribbon. Sheath 100, if used, may be 
composed of a material that is permeable to gas evolved in the drawing, drying, 
and/or sintering processes, and sheath 100 may have a thickness suitable for 
escape of the gas. 

[00032] The emerging structure may, if desired, have a metal core filament 110 
fed from the center of the ram 25 through the center of the slurry 15 and through 
the center of the die(s) 115. The core filament may be a tungsten wire, for 
example, having a diameter smaller than the smallest orifice or die used in 
forming the photonic-crystal filament around the core filament. As mentioned 
above, the core filament may be heated by passing an electric current through 
it, e.g., during the sintering step of the process and/or during a CVD process for 
back-filling voids with another material. In the embodiment of FIGS. 3A and 3B, 
as in other embodiments described herein, the desired metal may comprise a 
refractory metal such as tungsten, platinum, tantalum, molybdenum, and their 
alloys, and the precursor material may comprise a fine powder of any of these 
refractory metals in their elemental form, an oxide of a refractory metal such as 
tungsten, or peroxopolytungstic acid for example. Again, if the precursor 
material comprises the elemental form of a metal, the step of reducing the 
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precursor material to metallic form is not necessary. If the precursor material 
comprises a fine metal powder, the powder size should be smaller than the size 
of the other particles used in the slurry, so as to fit readily into the interstices 
between the other particles. Photonic-crystal filaments comprising metals that 
can be heated to temperatures above about 1 ,500°K have many applications, 
such as lighting and photovoltaic systems. The refractory metals are generally 
suitable for such applications. 

[00033] The particles used in embodiments of the method may comprise 
polymer particles, e.g., polymer nanospheres, which may comprise polystyrene, 
polyethylene, polymethylmethacrylate (PMMA), latex, or combinations of these 
polymers, for example. In other embodiments, the particles may comprise 
silicon or other semiconductor particles, silicon oxide particles, or other metal 
particles. Methods for making spheres of sufficiently uniform size distribution 
are known in the art for the various suitable materials. The substantially uniform 
size of the particles is adapted to provide a desired photonic band-gap of the 
photonic-crystal filament. For example, the substantially uniform size of the 
particles may be chosen to be about one-quarter of the lower wavelength edge 
of the desired photonic band-gap. For many applications, the desired photonic 
band-gap may correspond to selected wavelengths between about 400 
nanometers and about 7000 nanometers. For applications in which it is desired 
to enhance the amount of visible radiation from the photonic crystal in 
comparison with infrared radiation, the desired photonic band-gap may 
correspond to a range of infrared wavelengths between about 900 nanometers 
and about 7000 nanometers or to a narrower range of infrared wavelengths, 
e.g., between about 1200 nanometers and about 2000 nanometers. Thus, the 
polymer or other spheres may have corresponding diameters. For example, 
particles with a uniform diameter of about 300 nanometers may be used for 
some applications. 

[00034] If the particles are removed, the remaining voids may be filled with 
another material differing in refractive index from the material of the matrix. The 
filling material may be deposited in the voids by chemical vapor deposition 



Attorney Docket No. 200300734-1 



-11 - 



(CVD), for example. That CVD process may be aided by heating the sintered 
combination. For example, if a core filament is used, this heating may be 
accomplished by passing a current through the core filament. Otherwise, 
heating methods known in the art, such as laser heating, may be used. 

[00035] The photonic-crystal filament generally has a longitudinal axis 30 as 
shown in Fig. 4B, and a selected crystallographic axis of the crystallographic 
configuration may be aligned parallel to this longitudinal axis of the photonic- 
crystal filament. In the face-centered-cubic example described above, the 
(100) crystallographic axis of the face-centered-cubic crystallographic 
configuration is parallel to the orifice axis, and therefore parallel to the filament's 
longitudinal axis. 

[00036] The methods described here for making photonic-crystal filaments 
may be used to make a lamp filament, which may be incorporated into an 
electrical device, such as an incandescent lamp. Such an incandescent lamp 
may be used as a light source. FIG. 4A is a side elevation view of an 
embodiment of a lamp 40 incorporating an embodiment of a photonic-crystal 
filament made in accordance with an embodiment of the invention. FIG. 4B 
shows an enlarged detail 14 of a portion of the photonic-crystal filament 10 
embodiment. Lamp 40 has a support 60, a transparent envelope 50 secured to 
the support and forming an enclosure with it, a filament 10 having a metal core 
portion 20, and inputs 70 and 80 for electrical energy secured to the support 
and electrically coupled through conductive supports 90 to the filament 10. The 
metal core portion 20 of the filament is coated with a photonic crystal material 
which is effective to reduce emission of selected wavelengths of 
electromagnetic radiation during the resistance heating of the filament when 
electrical energy is conducted to the input and to the metal core portion of the 
filament. 

[00037] In such electrical device embodiments, as in other embodiments 
described herein, the selected wavelengths of radiation may comprise selected 
infrared wavelengths, and the photonic crystal material has a photonic band-gap 
corresponding to the selected infrared wavelengths. In such electrical device 
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embodiments, the metal core portion of the filament has a longitudinal axis 30 
as shown in Fig. 4B, the photonic crystal material has crystallographic axes, and 
a selected one of the crystallographic axes of the photonic crystal material may 
be aligned substantially parallel to the longitudinal axis 30 of the metal core 
portion 20 of the filament 10, as described above. 

[00038] Another aspect of embodiments of the invention is a method of 
cladding a metal filament. Such a method embodiment includes the steps of 
providing a metal filament, mixing a slurry comprising particles of uniform size 
and a precursor material for a desired metal, compressing the slurry, urging the 
metal filament and the compressed slurry through an orifice to force the 
particles and precursor material into a combination having a desired crystal 
configuration surrounding the metal filament, drying the combination emerging 
from the orifice, heating the dried combination to remove the particles while 
sintering the precursor material, and compressing the precursor material within 
a sheath, while drawing the filament through a series of two or more 
successively smaller dies, whereby the filament is clad with a photonic crystal. 
As in the other method embodiments described, the particles may comprise an 
inert material and the precursor material may comprise a metal oxide. 

[00039] Another aspect of embodiments of the invention is a photonic crystal 
for covering a filament core. The photonic crystal may comprise a first 
refractory metal substantially filling interstitial spaces between a set of 
substantially spherical voids disposed in a predetermined crystallographic 
lattice. The set of spherical voids are disposed surrounding the filament core. 
Thus the photonic crystal surrounds the filament core. The filament core may 
comprise a second refractory metal, which may be the same metal as the first 
refractory metal, or the first and second refractory metals may comprise different 
metals. For example, the first and/or second refractory metals may comprise 
tungsten. The filament core has a longitudinal axis, and the predetermined 
crystallographic lattice may be aligned parallel to the longitudinal axis of the 
filament core. 
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[00040] Another aspect of embodiments of the invention is a method of using a 
photonic crystal to reduce emission of selected wavelengths of radiation from a 
filament. Such a method embodiment may include the steps of providing a core 
filament and an electrical input connected to the core filament, and cladding the 
core filament with a photonic crystal material which is operable to reduce 
emission of selected wavelengths of radiation during the resistance heating of 
the filament when electrical energy is conducted to the input and to the core 
filament. 

[00041] In these method embodiments, as in others described herein that 
utilize a core filament, the core filament has a longitudinal axis 30 and the 
photonic crystal material has crystallographic axes. Thus, such methods may 
further include the step of aligning a crystallographic axis of the photonic crystal 
material parallel to the longitudinal axis 30 of the core filament, as described 
above. Those skilled in the art will recognize that some crystal structures of 
photonic crystals have anisotropic bandgaps, and that the crystallographic 
orientation in such cases may be chosen to optimize the bandgap for a 
particular application. 

[00042] Yet another aspect of embodiments of the invention is a method for 
filtering light from a light source having a longitudinal axis. Embodiments of 
such a method may include the step of providing a photonic crystal having a 
predetermined crystallographic axis and a photonic band-gap adapted to block 
selected wavelengths of light. Such embodiments may also include a step of 
surrounding the light source with the photonic crystal while aligning the 
predetermined crystallographic axis parallel to the longitudinal axis of the light 
source. 

[00043] From another point of view, another aspect of embodiments of the 
invention is a filament including a combination of an elongated filamentary 
portion performing the function of emitting radiation in a range of wavelengths in 
response to resistance heating and a filtering portion surrounding the 
filamentary portion for performing a filtering function. The filtering portion 
comprises a photonic crystal disposed surrounding the filamentary portion for 
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emitting radiation. The photonic crystal has a band-gap adapted to reduce the 
emission of selected wavelengths at least partially within the range of 
wavelengths. 

INDUSTRIAL APPLICABILITY 

[00044] The methods and apparatus of the present invention are useful for 
fabricating photonic-crystal filaments having desired emission properties and for 
modifying filaments for improved properties. The methods and apparatus are 
also useful for electrical devices such as light sources incorporating such 
photonic-crystal filaments. The devices may be made by methods adapted for 
mass production with high yield and relatively low cost. Some limited defects of 
crystal structure (such as those defects occurring at grain boundaries) do not 
significantly impair the performance of the photonic-crystal filaments. 

[00045] Although the foregoing has been a description and illustration of 
specific embodiments of the invention, various modifications and changes 
thereto can be made by persons skilled in the art without departing from the 
scope and spirit of the invention as defined by the following claims. For 
example, the order of process steps may be varied. For another example, 
photonic-crystal filaments made in accordance with the invention may have 
anisotropic electromagnetic emission properties, with emission varying 
according to the band-gaps for electromagnetic wave propagation along various 
crystallographic directions of the photonic crystal. 



